The coupling among the spin degree of freedom and the atomic displacements in intermetallic GdAl 3 was investigated by means of synchrotron x-ray diffraction and polarized Raman scattering. In this compound, the Gd 4f 7 shell is spherical and the spin-lattice coupling provides a fingerprint of the exchange mechanism and degree of magnetic correlations. X-ray diffraction shows nonresonant symmetry-forbidden charge Bragg peaks below the long-range magnetic ordering temperature T N = 18 K, revealing a symmetry-lowering crystal lattice transition associated with Gd displacements, consistent with a Ruderman-Kittel-Kasuya-Yosida mechanism for the magnetic coupling. Raman scattering in fresh broken surfaces shows phonons with conventional frequency behavior, while naturally grown and polished surfaces present frequency anomalies below T * ϳ 50 K. Such anomalies are possibly due to a modulation of the magnetic energy by the lattice vibrations in a strongly spin-correlated paramagnetic phase. Such interpretation implies that the spin-phonon coupling in metals may depend on the surface conditions. A fully spin-correlated state immediately above T N is inferred from our results in this frustrated system.
I. INTRODUCTION
The coupling between the lattice and spin degrees of freedom leads to interesting phenomena in condensed matter, such as the colossal magnetoresistance in manganese perovskites, 1 multiferroic behavior in oxides such as RMn 2 O 5 and RMnO 3 ͑R = heavy rare earth͒, 2 and the colossal magnetocaloric effect in Mn 1−x Fe x As, 3 among other examples. The most common mechanisms for spin-lattice coupling are due to interactions between the in-site spin and orbital degrees of freedom, and then between the atomic orbitals and the crystal lattice, leading, for example, to magnetostriction and to the complex spin and orbital patterns in some manganites and other transition-metal oxides. On the other hand, a more direct spin-lattice interaction occurs due to the dependence of the exchange energy on the atomic positions, leading to the so-called exchange striction effect.
To probe the static first-order spin-lattice coupling in crystalline materials, diffraction techniques are becoming increasingly powerful due to the availability of synchrotron x-ray sources, which can detect minute lattice deformations below the spin ordering temperature. 4 However, the spinlattice coupling can also occur in second order of the atomic displacements, leading to a dynamical effect. This can be probed by the spin-phonon coupling, manifested as an anomalous change in phonon energies with temperature and accessed by either Raman or infrared spectroscopies. Such effect can directly reveal the nearest-neighbor spin correlation ͗S ជ i · S ជ j ͘ and may also provide information on the microscopic mechanism of magnetic coupling. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Detailed investigations using the spin-phonon coupling have been focused on transition-metal systems, in which the magnetic interactions are believed to be due to d-p-d superexchange interactions in most cases. These interactions are short ranged and extremely sensitive to atomic displacements of the intervening nonmagnetic ions. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] On the other hand, in many metallic systems, the magnetic interactions are commonly mediated by the conduction electrons via the Ruderman-KittelKasuya-Yosida ͑RKKY͒ exchange mechanism. 16 In this case, the coupling between RKKY interactions and the crystal lattice is arguably weak and is frequently masked by stronger magnetostriction effects ultimately driven by the spin-orbit interaction.
The title compound ͓see Fig. 1͑a͔͒ is a particularly simple material with Gd 3+ ions in the 8 S 7/2 ground state having no significant influence of crystal field, single ion anisotropies, or the Kondo effect. 17 In fact, the magnetic moment of a Gd ion has only a spin component. In addition, GdAl 3 is of interest because it is one of the end points of the system Ce 1−x Gd x Al 3 , which shows an interplay of spin-glass and heavy fermion properties. 18, 19 Previous studies showed that GdAl 3 presents antiferromagnetic ordering at T N ϳ 18 K, which is surprisingly low compared with the value of CW ϳ −90 K. 20, 21 The large ratio of ͉ CW ͉ / T N ϳ 4.9 is a good indicator of frustrated magnetic interactions, which has been also supported by electron paramagnetic resonance ͑EPR͒ measurements. 20 In this paper, we present an anomalous synchrotron x-ray diffraction and Raman scattering study of the first-and second-order spin-lattice coupling in GdAl 3 . Subtle but fundamentally important effects providing information on the microscopic nature of the magnetism in this compound are described.
parallel to the hexagonal c axis ͑typical dimensions: 1 ϫ 1 ϫ 3 mm 3 ͒. For the x-ray diffraction experiment, an xz surface with dimensions 1 ϫ 3 mm 2 was finely polished with alumina powder, yielding a shiny surface with a rocking width of 0.05 full width at half maximum. It was then kept under ambient atmosphere for a few weeks prior to the measurement, with no detectable change in the mosaic width during this period. Unpolished surfaces presented much larger rocking widths and were not employed in our synchrotron x-ray measurements. For the Raman experiments, five crystals were used. For sample named GA1, the same polished xz surface used in x-ray diffraction was employed. This surface was exposed to ambient atmosphere for a few months between the x-ray diffraction and Raman measurements. For the samples named GA2 and GA3, naturally grown xy and xz surfaces were used after being exposed to ambient atmosphere for several months between growth and experiment. The measurements in GA2 were performed a few months before those in GA3. Finally, for samples GA4 and GA5, fresh broken xy surfaces were employed and were kept under vacuum for several hours between the crystal breaking and the Raman measurements. Therefore, the fresh surfaces of samples GA4 and GA5 should represent, most reliably, the bulk behavior of GdAl 3 in our Raman measurements.
B. Raman scattering
The Raman scattering spectra were excited with the 514.5 nm laser line from an argon-ion ͑Ar + ͒ laser, with a power of ϳ5 mW. The incident light was focused in a spot of ϳ100 m diameter. The scattered light was analyzed by a triple 1800 mm −1 grating monochromator system in the subtractive mode equipped with a N 2 -cooled charge-coupled device detector. Scattering geometries for the Raman spectra listed in the text and figures follow the usual Porto's notation A͑BC͒D. 22 The measurements as a function of temperature were carried out by mounting the samples on a cold finger of a closed-cycle He refrigerator. All measurements were made in a near-backscattering configuration.
C. Synchrotron x-ray diffraction
The x-ray diffraction measurements were performed on the XRD2 beamline, placed after a dipolar source at the Laboratório Nacional de Luz Síncrotron, Campinas, Brazil. The sample was mounted on the cold finger of a commercial closed-cycle He cryostat with a cylindrical Be window. The cryostat was fixed into the Eulerian cradle of a commercial 4 + 2 circle diffractometer, appropriate for single crystal x-ray diffraction studies. The energy of the incident photons was selected by a double-bounce Si͑111͒ monochromator, with water refrigeration in the first crystal, while the second crystal was bent for sagittal focusing. The beam was vertically focused by a bent Rh-coated mirror placed before the monochromator, which also provided filtering of high-energy photons ͑third-and higher-order harmonics͒. A vertically focused beam was used in our measurements, delivering, at 7.928 keV, a flux of 6 ϫ 10 10 photons/ s at 200 mA in a spot of ϳ0.6 mm ͑vertical͒ ϫ2.0 mm ͑horizontal͒ at the sample, with an energy resolution of ϳ5 eV. Our experiments were performed in the vertical scattering plane, i.e., perpendicular to the linear polarization of the incident photons. A solid state detector was used. Reciprocal-space searches for either magnetic or structural forbidden Bragg peaks were performed with the energy set to 7928 eV, very close to the Gd L II edge observed in this compound. A strong enhancement of the magnetic signal is expected for this x-ray energy. 23, 24 
III. EXPERIMENTAL RESULTS AND ANALYSIS
A. Magnetic susceptibility dc-magnetic susceptibility measurements ͓͑T͔͒ were made under a magnetic field of 1 T between 2 and 790 K using a commercial superconducting quantum interference device magnetometer. A fit of the experimental ͑T͒ curve in the range 300 K Ͻ T Ͻ 790 K to the expression ͑T͒ = 0 + C / ͑T − ⌰ CW ͒ ͑not shown͒ yields C = 8.52͑2͒ emu K / mol ͑Gd͒ and ⌰ CW =−88͑1͒ K. In addition, from the observed paramagnetic Curie constant C, an effective moment of 8.3 B / Gd is obtained, which is in good agreement with the expected value for Gd 3+ ions ͑7.94 B ͒. 25 Since the diamagnetic signal from the addenda was not subtracted in our experiment, the Pauli paramagnetic term was not reliably obtained. Figure 1͑b͒ shows the temperature dependence of the inverse magnetic susceptibility ͓͑͑T͒ − 0 ͒ −1 ͔. The antiferromagnetic ordering temperature, T N = 18 K, is in good agreement with reported values. 20, 21 Also, an extrapolation of the Curie-Weiss paramagnetic behavior is displayed. It can be noted that ͓͑T͒ − 0 ͔ −1 starts to deviate significantly from the Curie-Weiss behavior at temperatures of the order of ͉⌰ CW ͉, due to spin correlation effects.
B. X-ray diffraction
At room temperature, GdAl 3 shows the hexagonal Ni 3 Sn-type crystal structure with space group P6 3 / mmc ͑D 6h 4 ͒. 26, 27 The observed lattice parameters are a = 6.326͑1͒ and c = 4.592͑2͒ Å, consistent with a previous report.
28 Figure 1͑a͒ shows a view of the crystallographic structure of hexagonal GdAl 3 . Concerning the distances between magnetic atoms, each Gd atom has six neighboring Gd atoms in consecutive planes along the c axis ͑three above and three below͒ at a distance of 4.3 Å, two other Gd atoms in the next plane along the c axis at a distance of 4.6 Å, and six Gd atoms within the same plane at a distance of 6.3 Å. The ͑hhl͒ Bragg reflections with odd h and l are forbidden for charge scattering, being therefore suitable for investigations on the possible symmetry lowering at magnetostructural phase transitions. Alternatively, an antiferromagnetic spin structure with propagation vector ជ = ͑0,0,0͒ would also yield a resonant Bragg peak in this position. For the experimental setup, sample orientation, and x-ray energies employed in our measurements, the only reflection belonging to this family that could be accessed was ͑3 3 1͒.
A systematic search for symmetry-forbidden Bragg peaks in reciprocal space was performed at 14 and 25 K. Since GdAl 3 orders antiferromagnetically at T N =18 K ͑see above͒, any intensity increase on cooling might indicate a possible magnetic or symmetry-lowering charge diffraction effect. Table I summarizes the reciprocal-space scans that were performed in this work. Except at the ͑3 3 1͒ position ͑see below͒, no extra scattering was found for T Ͻ 18 K in these measurements. Additionally, two-dimensional hk and hl maps were measured ͑see Fig. 2͒ , revealing an intricate T-independent scattering from extended crystalline defects ͑see, e.g., Ref. 29͒. At this point, it is not possible to establish whether such defects are bulk representative or induced by the polishing procedure in GA1. Figure 3 shows -2 scans around the ͑3 3 1͒ symmetryforbidden Bragg peak at selected temperatures at the Gd L II edge. An asymmetric profile due to spurious multiple beam diffraction can be noticed. Although this contribution depended sensibly on the azimuthal angle, we could not eliminate it for any condition allowed by our experimental setup, and therefore the azimuth was fixed in the condition of minimum intensity. On top of such a spurious contribution, an intrinsic and temperature-dependent signal was observed. This can be mostly clearly identified by taking the difference profile between two selected temperatures ͑see bottom of Fig. 3͒ . A symmetric contribution to the signal can then be perceived, which can be well fitted by a Gaussian line shape. The temperature dependence of the Gaussian area is given in Fig. 4͑a͒, clearly showing a phase transition at 18.3 K. The inset of Fig. 4͑a͒ shows the transition in more detail. A temperature hysteresis can be perceived in a temperature interval of ϳ0.1 K, indicating a first-order transition.
The origin of the intrinsic signal at the ͑3 3 1͒ Bragg position was further investigated. Figure 4͑b͒ shows the ex- 
FIG. 2. ͑Color online͒ X-ray reciprocal-space maps at the vicinity of the ͑3 3 1͒ reflection. ͑a͒ hl map at 25 K, ͑b͒ hl map at 14 K, ͑c͒ hk map at 25 K, and ͑d͒ hk map at 14 K. The color intensity scale is linear. The weak observed streaks are associated with extended crystalline defects.
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PHYSICAL REVIEW B 77, 024414 ͑2008͒ perimental structure factor of the ͑3 3 1͒ reflection at several energies from 7.88 to 7.98 keV ͑symbols͒. The resulting curve clearly displays a minimum at the Gd L II edge. A comparison of this result with the Gd charge scattering factor f 0 + fЈ͑E͒ ͑Gd͒ is given in Fig. 4͑b͒ ͑solid line͒. To obtain the anomalous Gd dispersion correction fЈ in this compound, x-ray absorption measurements close to the Gd L II edge were performed in a 35 m thick GdAl 3 membrane, using a grinded sample. Since the anomalous absorption correction fЉ is proportional to this measurement, the resulting renormalized spectra can be used to replace tabulated values of fЉ close to the edge. The dispersion correction fЈ of the atomic scattering factor is then directly obtained from the measured fЉ via Kramers-Kronig relations. 30 A good agreement between the E dependence of ͑3 3 1͒ reflection and f 0 + fЈ͑E͒ ͑Gd͒ is observed.
C. Raman scattering
Based on the hexagonal crystal structure and using the method of factor group analysis, 31 the distribution of the degrees of freedom in terms of the irreducible representations of the D 6h factor group was calculated and is shown in Table  II . According to the character table of the D 6h point group, five Raman-active phonon modes ͑⌫ Raman = A 1g + E 1g +3E 2g ͒ are expected. Figure 5 shows polarized Raman spectra of GdAl 3 for GA1-GA4 surfaces ͑see Sec. II A͒ in selected scattering geometries at room temperature. All the five expected Raman modes were clearly observed, according to the following symmetry assignment: E 1g mode at 83 cm −1 , A 1g mode at 292 cm −1 , and E 2g modes at 100, 198, and 270 cm −1 , which are summarized in Table II. Figure 5 also shows an extra peak at 216 cm −1 with unidentified symmetry ͑indicated by an arrow͒. This mode is observed with enhanced intensity for the polished xz surface of GA1 and is not seen in the fresh broken xy surfaces of GA4 and GA5. Thus, it appears to be a Raman-forbidden phonon, which is observed due to crystalline imperfections possibly enhanced by the surface polishing. In this context, we should mention that the Ramanactive phonons are slightly narrower for GA4 and GA5 with respect to all other surfaces, confirming the better structural quality of these surfaces. On the other hand, the phonons are still fairly narrow for all other surfaces, indicating that the degree of structural disorder in the polished or naturally grown surfaces is not excessively large.
Figures 6͑a͒-6͑f͒ show the T dependence of the frequencies of the observed modes for surfaces GA1-GA3. The lines in the figures give the expected conventional behavior using the expression reported by Balkanski et al. 32 For these samples, clear frequency anomalies take place below T * ϳ 50 K for the modes at 102, 276, and 298 cm −1 . Also, the sign and magnitude of the anomalies are surface dependent ͓see Figs. 6͑b͒, 6͑e͒, and 6͑f͔͒. The Raman-forbidden peak at ϳ220 cm −1 also shows anomalous behavior below T * ͓see Fig. 6͑d͔͒. Figures 7͑a͒-7͑d͒ show the frequency behavior for the observed modes in the GA4 and GA5 fresh bulk samples. In opposition to what has been observed for GA1-GA3, no clear frequency anomaly could be detected at T * , within our sensitivity. No change in the phonon behavior was observed at the long-range magnetic ordering temperature, T N = 18 K, for any of the studied surfaces. Besides, the T dependence of all phonon linewidths ͑not shown͒ did not reveal any anomaly at T * for any of the surfaces.
IV. DISCUSSION
Despite the extensive search for resonant magnetic Bragg peaks performed throughout the reciprocal space, no magnetic contribution to the x-ray intensities was observed below T N = 18 K. Possible reasons are as follows: ͑i͒ the propagation vector ជ of the magnetic structure was not covered by the one-dimensional ͑1D͒ and two-dimensional searches in the reciprocal space described in Table I and Fig. 2 ; ͑ii͒ a relatively weak resonance for magnetic x-ray diffraction takes place in this compound and the magnetic intensities became too weak to be observed within our sensitivity; ͑iii͒ the strong and intricate scattering from extended crystalline defects ͑see Fig. 2͒ may mask the intrinsic magnetic scattering; ͑iv͒ the antiferromagnetic structure might have a propa -FIG. 3 . ͑Color online͒ Axial ͑-2͒ scans around the symmetryforbidden ͑3 3 1͒ reflection at selected temperatures, taken with E = 7928 eV. A difference profile ͑symbols͒ and a fit to a Gaussian ͑line͒ are given in the bottom.
FIG. 4. ͑Color online͒ ͑a͒
Temperature dependence of the ͑3 3 1͒ Bragg peak intensity, defined as the area of the Gaussian line shown in Fig. 3 , taken on warming and cooling. The inset shows the same results in an expanded scale close to the transition temperature. ͑b͒ E dependence of the ͑3 3 1͒ structure factor at 15 K, obtained by the square root of the Bragg peak intensity and normalized by an arbitrary factor. The solid line in ͑b͒ is the Gd atomic scattering factor f 0 + fЈ͑E͒, obtained from absorption measurements ͑see text͒. gation vector ជ = ͑0,0,0͒ and therefore the magnetic Bragg peak positions would coincide with the charge Bragg peaks. Concerning the last possibility, we note that due to multiple scattering and to the simultaneous symmetry-lowering transition below T N ͑see below͒, even the ͑3 3 1͒ and presumably other symmetry-forbidden reflections show non-negligible intensities due to charge scattering, perhaps overwhelming the possible magnetic contribution. Therefore, neutron diffraction could be the most suitable technique in this case to resolve the magnetic structure of GdAl 3 , despite the inconveniently high neutron absorption cross section for Gd ions without isotopic purification.
Even considering the nonmagnetic origin of the observed ͑3 3 1͒ reflection, it reveals interesting physics for GdAl 3 . The scaling between the E dependence of the structure factor of this reflection and ͓f 0 + fЈ͑E͔͒ ͑Gd͒ ͓see Fig. 4͑b͔͒ indicates that this scattering arises entirely from the Gd charge sector and therefore reflects a symmetry lowering associated with Gd displacements. This result indicates a static spinlattice coupling due to an exchange striction effect. The reduced symmetry appears to be a manifestation of the frus- Mode classifications
FIG. 5. ͑Color online͒ Room temperature polarized Raman scattering spectra in polished ͑GA1͒, natural ͑GA2 and GA3͒, and fresh broken ͑GA4͒ faces of GdAl 3 single crystals at selected polarizations.
FIG. 6. ͑Color online͒ ͓͑a͒-͑c͒, ͑e͒, and ͑f͔͒ T dependency of the frequencies of the observed Raman peaks for samples GA2 ͑᭺͒ and GA3 ͑b͒. ͑E 1g : xz polarization; E 2g , A 1g : yy polarization͒. ͑d͒ T dependence of two different measurements for the mode at ϳ220 cm −1 in GA1, using xz polarization. The solid vertical lines represent the antiferromagnetic transition temperature, T N , while the dashed line indicates T * , the temperature below which anomalous phonon behavior is observed. The curves displayed in solid lines give the fit to a conventional behavior ͑Ref. 32͒. trated magnetism of this compound since the Gd atomic displacements may, in principle, enhance the fulfilled magnetic interactions and weaken the frustrated ones, such as observed in other magnetically frustrated materials. 33, 34 Note that as Gd 4f 7 is a half-filled and therefore spherically symmetrical shell with L = 0, the spin-lattice coupling in GdAl 3 is not associated with magnetostriction or any other effect arising from the orbital degree of freedom. Thus, this coupling must arise entirely from the the dependence of the exchange energy with the atomic positions ͑exchange striction͒. The exchange coupling in GdAl 3 is arguably due to the RKKY mechanism, i.e., the Gd localized spins are coupled by the conduction electrons. For an isotropic metal with spherical Fermi surface, the RKKY exchange coefficient J ij is proportional to F͑2k F ͉ R ជ i − R ជ j ͉͒, where F͑x͒ = ͑x cos x − sin x͒ / x 4 , k F is the magnitude of the Fermi wave vector, and R ជ i is the position of the ith magnetic ion. 16 Thus, the magnetic energy depends explicitly on the positions of the magnetic ions and not of the intervening ions. This position dependence is much smoother than for direct exchange of superexchange mechanisms; therefore, the spin-lattice coupling is expected to be weaker in insulators. We should mention that there is an additional, implicit, dependence of the magnetic energy on displacements of both magnetic and nonmagnetic ions in the RKKY Hamiltonian, arising from the Fermi wave vector. Such dependence is not expected to be significant for good metals but may be important for materials with low density of charge carriers.
Thus, only Gd displacements are expected to contribute to the spin-lattice coupling in intermetallic GdAl 3 . In fact, concerning the static spin-lattice coupling revealed in the synchrotron x-ray diffraction data, the evidence shown in Fig.  4͑b͒ and discussed above indicates that the symmetry reduction below T N is purely associated with Gd displacements, consistent with our expectations.
Our Raman results taken in old surfaces consistently point to a characteristic temperature T * ϳ 50 K, separating two quite different regimes. Above T * , the phonon frequency as a function of temperature is essentially surface independent ͑see Fig. 6͒ , in clear contrast with the behavior below T * . Fresh broken GA4 and GA5 did not present clear frequency anomalies at T * , while the old surfaces GA1-GA3, subjected to some possible lattice defects, reveal anomalies in some of the phonon frequencies below ϳT * . This observation points to an extrinsic effect. On the other hand, our polarization analysis showed that most of the observed modes, with the possible exception of the one at 216 cm −1 , are associated with the GdAl 3 crystal structure. Therefore, frequency anomalies should be a consequence of a cooperative phenomenon occurring within this structure, even for possibly defective surfaces such as GA1-GA3. Thus, we suggest that the phonon anomalies at T * are reflecting the change of an intrinsic property of GdAl 3 , where the role of the possible defects in GA1-GA3 would be to enhance or create a mechanism to couple the optical phonons to the intrinsic effect occurring below T * and not to create the effect itself. It is therefore valid to search for bulk physical properties of GdAl 3 with significant changes below ϳ50 K. In fact, it corresponds to the temperature below which the g value obtained by EPR deviates from 2.00 and its linewidth starts to increase most rapidly. 20 These are indications of strong shortrange spin correlations below T * , ascribed to the magnetic frustration in this compound. Weaker spin correlations have been found up to CW ϳ −90 K, as seen in Fig. 1͑b͒ and reported in Refs. 20 and 21.
On the basis of the above, it is reasonable to ascribe the phonon anomalies at T * to a spin-phonon coupling. In fact, similar anomalies in the paramagnetic phase due to this mechanism have been previously observed in other magnetically frustrated materials, such as ZnCr 2 O 4 ͑Ref. 15͒ and RMn 2 O 5 .
11 However, the spin-phonon coupling arguably observed here is presumably enhanced by the possible presence of defects at the vicinity of polished and/or old surfaces of GdAl 3 . In fact, such defects may promote charge localization in the near-surface region, potentially incrementing the dependence of the Fermi wave vector k F on small displacements of Gd and Al ions. This might enhance the spinphonon coupling in the RKKY Hamiltonian, which would depend on the specific surface conditions, explaining our Raman data.
On the basis of the above interpretation for our Raman results, it is interesting to note that no phonon anomaly was observed at T N = 18 K for any of the studied surfaces, signaling that the short-range spin correlation function remains nearly unchanged at the long-range magnetic ordering temperature. This may be a consequence of the fairly large frustration ratio ͉ CW ͉ / T N ϳ 4.9, leading to a fully spin-correlated state for T N Ͻ T Ͻ T * .
V. CONCLUSIONS
In summary, we investigated the static first-order and the dynamical second-order spin-lattice coupling in the frustrated intermetallic compound GdAl 3 by means of synchrotron x-ray diffraction and Raman spectroscopy, respectively. A lattice symmetry reduction, associated with Gd ions alone, was observed below T N = 18 K, in accordance with expectations for the RKKY Hamiltonian. Also, frequency anomalies FIG. 7 . ͑Color online͒ T dependency of the frequencies of the observed Raman peaks for the fresh bulk samples GA4 ͑open symbols͒ and GA5 ͑filled symbols͒.
in some of the Raman phonon modes were observed in old and/or polished surfaces below T * ϳ 50 K, which was ascribed to an enhancement of the spin-phonon coupling mechanism due to the presence of defects. This interpretation of our Raman results leads to the conclusion that a fully spin-correlated state without long-range order takes place immediately above T N . Our observations may stimulate systematic investigations of the weak but fundamentally interesting spin-lattice coupling in metallic systems.
